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REVISION 1 TO THE APOLLO MISSION G SPACECRAFT
REFERENCE TRAJECTORY
VOLUME I - REFERENCE MISSION PROFILE
. (LAUNCHED AUGUST 1k, 1969)

Lunar Mission Analy51s Branch, Landing Analysis Branch
and Orbital Mission Analysis Branch

1.0 SUMMARY AND INTRODUCTION

Only mission phases which have been changed since the publication
of the Apollo Mission G spacecraft reference trajectory are included in
this revision. These phases are LOI, IM descent and ascent, LM/CSM
rendezvous, TEI, and reentry. This volume and Volume II (ref. 1)
revise reference 2, the mission profile, and reference 3, the trajectory
parameters for the profile, respectively. The launch date for the
profile is August 1k, 1969; the launch azimuth is 72°; and the translunar
injection occurs during the second orbit over the Atlantic. .The lunar
landing site is II-P-2, located at a selenographic longitude of 34° B
and a selenographic latitude of 2.75° N

LOI—l, LOI-2, and CSM pldne—change maneuvers show corrected
external AV components. The coordinate system was updated to be
compatible with the CMC.

The revisions to the IM descent and ascent phase are as follows:

1. The DPS thrust and Sp€lelC 1mpulse profiles were updated
(ref. 4).

2. The AV imparted by the CSM during the LM/CSM separation
maneuver prior to DOI was increased from 0.5 fps to 2.5 fps (TCR G-k).

3. The guidance targets in onboard programs P63 and P64 were
changed in an effort to reduce thrust and pitch sensitivity to terrain
features during powered descent (TCR G-2). The new targeting for the
descent was taken from reference 5. Note, however, that the simulated.
ignition logic used does not reflect the latest onboard logic described
in reference 6. This simulation will be updated for the next revision
of this document.



4. The lunar surface stay time was reduced from about 26 hours
to about 22 hours (TCR G-3).

5. The LM to CSM phase angle at IM insertion was increased
from 16. §2° to 20.85° to accommodate improved rendezvous techniques
TCR G-1

The rendezvous profile presented in section 4.4 reflects the
following changes (TCR C-1). It does not reflect TCR G-7, which was
approved after the profile in section k.4 was generated. The -appendix
presents a profile reflecting TCR G-7 (i.e., a 4= by U5-n. mi. altitude
insertion orbit, a positive radial rate at insertion, and slight
modifications to the time interval between maneuvers).

1. Platform (fine) alinements are scheduled for both the IM and
CSM between IM insertion and CSI.

2. A plane~change capability is scheduled within the CSI-to-CDH
phase to eliminate insertion ocut-of-plane dispersions.

3. The logic option which makes the At between CSI and CDH
essentially constant, regardless of dispersions, is 1ncorporated

4. TPI is at the midpoint of darkness about 14T minutes after
insertion.

5. The total At from insertion to completion of terminal braking
is about 3 hours 15 minutes.

6. The approximate At's between maneuvers are insertion to CSI,
55 minutes; CSI to CDH, 58 minutes (PC occurs 29 minutes prior to CDH);
CDH to TPI, 34 minutes; and TPI to end of braking, 48 minutes (130° of
CSM travel).

) T. All in-orbit rendezvous maneuvers are RCS Z-axis burns.

TEI and the reentry profile reflect new entry targeting and a
shorter reentry range (TCR G-6).

The following are the revisions to the reentry phase (TCR G-6):

1. ‘The nominal reentry target range has been changed from 2000-n. mi.
down-range to 1350-n. mi. down range in order to make the primary
reentry mode compatible with the backup mode.

2. Logic was added to the guidance program to prevent roll
reversals at drag levels greater than 140 ft/sec?. The préevious logic
allowed this kind of reversal, which could cause considerable miss

distance.



3. The reentry flight-path angle has changed from -6.40° to
-6.48° as a result of a slight shift in the steep target line. Thus,
the initial maximum load factor increased to s value greater than that
previously published.

4. The EMS scroll pattern has been finalized and this document
reflects the finished version.



2.0 ABBREVIATIONS

AOFG acceleration target for the LM descent

guidance frame” braking phase

ATFG acceleration target for the LM descent
guidance approach phase

APS aséent propulsion system

C.g. cen£er of gravity

CM command module

CsM™ command and service modules

DOI descent orbit insertion

DPS descent propulsion system

DSKY display keyboard

ET entry interface

EMS entry monitoring system

GCS guidance coordinate system

JOFG(3) 7Z component at the jerk target for the
LM descent guidance braking phase

J1FG(3) 7 component at the jerk target for the
LM descent guidance approach phase

Kx’ K&, Kv coefficients used to scale correction

terms due to deviations in spacecraft
altitude, landing site out-of-plane
distance, and speed, respectively, in
the computation of braking phase
initiation time

aThe guidance frame is defined as follows: The origin is at the
current landing site, the X-axis is along the landing site radius, the
Z-axis is in the trajectory plane at the phase terminus in the direction
of motion, and the Y-axis completes the right~handed system.



M lunar module

Lol Iunar orbit insertion

PC plane change

PDi powered descent initiation

PGNCS primary guidance, navigation, and

control subsystem

REFSMMAT'Sa Transformation matrix from an Earth-
centered inertial Cartesian coordinate
system to an IMU coordinate system,
where the IMU is aligned as follows:
Launch pad: X-axis along launch
azimuth at pad; Z-axis down local
vertical (along negative radius
vector); and Y-axis completes right
handed systenm.

IM descent (through lunar stay):
X-axis along local vertical of landing
gsite at time of touchdown; Z-axis in
the CSM orbit plane in direction of
flight perpendicular to X; and Y-axis
along negative angular momentum
vector.

IM ascent (lift-off through TEI):
X-axis along local vertical of landing
site at time of lift-off; Z-axis is

in CSM orbit plane in direction of
flight perpendicular to X; and

Y-axis is along negative angular
momentum vector.

Entry: ZX-axis is in local horizontal
plane in direction of flight at entry
interface (400 000 ft); Z-axis is
down along negative radius vector at
entry interface; and Y-axis is

along negative angular momentum
vector.

ROFG. position target for the IM powered
descent guidance braking phase

aOnly the REFSMMAT's and applicable maneuvers documented in this
revised reference trajectory are shown.



RIFG

R1GXG

RIGZG

TCR

TENDBRAK

TENDAPPR

TGO

VOFG

V1FG

ViGG

poSition target for the LM powered
descent guidance approach phase

desired component of the spacecraft
position in the X-direction of the

. GCS at braking phase initiation

desired component of the spacecraft
position in the Z-direction of the
GCS at braking phase initiation

trajectory change request

limiting value of TGO which terminates
the braking phase

limiting value of TGO which terminates
the approach phase

time to go

velocity target for the LM powered

descent guidance braking phase

velocity target for the LM powered
descent guidance approach phase

desired magnitude of spacecraft
velocity vector with respect to the
lunar landing site at braking phase
initiation



3.0 INPUT DATA

The following input was used

reference trajectory:
Lunar landing sites . . . . .
Spacecraft weights . . . . .

SM and LM engine performance
data . . . . . <. . . ..

CM RCS engine performance data
LM braking gates . . . . . .
CM mass properties for entry

Conditions at entry interface

and target point . . . . .
Aerodynamic coefficients . .
Parachute aerodynamics . .

Aerodynamic heating data .
Reentry digital auto pilot .
Atmospheric model . . . . . .

MSFN station locations . . .

»

to’compute revision 1 to the Mission G

e e e e e reference 2
e e e e e e s table I
e e e e e e table II
e e e e e e reference 7
e e e e e e table IIT
c e e e e e table IV
o« e e e e s table V
e« e e e e e s table VI
s s e s e s reference T
e e e e references 8 and 9
e e e e references 10 and 11
e e e e e reference 12

e e e e e e . reference 13



4.0 PROFILE DESCRIPTION OF THE REVISED PORTIONS OF MISSION G

4.1 IM Undocking to PDI

During the tenth orbit after the circularization maneuver, the IM
and CSM undock in preparation for lunar landing. The CSM is undocked
(0.5-fps AV) from the LM approximately 2.5 hours (1.25 revolutions)
prior to landing, and is allowed to reach a separation distance of
40 ft. Stationkeeping is initiated at this point, and the IM is
rotated about its longitudinal axis so the CM pilot can observe the
landing gear.  Twenty-five minutes after undocking (1 revolution prior
to PDI) the CSM performs a 2.5-fps (increased from 0.5 fps) separation
maneuver directed radially downward toward the moon's center. This
maneuver provides a IM/CSM separation distance at DOI of 2.9 n. mi. The
DOI occurs 0.5 revolutions after separation and places the IM in a
60-n. mi, altitude by 50 000-ft altitude orbit with the pericynthion
located to the east of the landing site longitude by a central angle of
approximately 15°. PDI occurs at pericynthion of the descent orbit.
Figure 1 shows the trajectory parameters from IM separation through DOI
to touchdown. Included are time histories of LM altitude and IM-to-CSM
relative parameters, as well as relative motion plots. The following
table shows the events from undocking through the post-DOI coast period.

prene | ey [Purssions | eroputon] g, gy |Propctiene.
Undockiﬁg 96:49 - - 0.5 _—
Nulling 96:50 0:03 SM RCS 0.5 4 2
CsM/1IM 97:i3 0:07 SM RCS 2.5 10
separation
IM ullage 98:12 0:07.5 IM RCS 1.4 , 6
DOI 98:12 0:27.5 IM DPS 70.2 238
kCoast 98:lé 56:48 — _— _—

The target load for the DOI maneuver is given in table VII(a).
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i o Powered Descent

The powered descent maneuver is initiated at pericynthion of the
descent transfer orbit. The ﬁowered descent consists of three main
phases: braking, approach, and landing. The braking phase is designed
for efficient reduction of the orbital velocity. The final approach
phase is designed to provide pilot visual (out-the-window) monitoring
of the approach to the surface. The landing phase 1is also designed to
provide visual assessment of the landing site and to provide compatibility
for pilot takeover from the automatic control. Figure 2 describes
trajectory parameters for the entire powered descent. Figure 3 describes
the trajectory parameters in more detail for the approach and landing
phases. Included in figures 2 and 3 are time histories of LM altitude,.
velocity, flight-path angle, descent rate, horizontal velocity, surface
range, LDP angle, thrust angle, thrust magnitude, and LM-CSM relative
parameters as well as on altitude range profile and an altitude -
altitude-rate profile. These trajectory parameters were generated on
the assumption that perfect landing radar updating and a smooth terrain
existed. The effects of local terrain variations and radar updating
are shown in reference 1k.

A one-phase guidance concept has replaced the two-phase guidance
scheme used to target the powered descent. Previously the guidance
had to satisfy a set of high-gate conditions and a set of low-gate
conditions. The one-phase guidance must satisfy only a set of low-gate
conditions. This new guidance scheme reduces the sensitivity of thrust

and pitch attitude to terrain features dur;ng powered descent. The
powered descent maneuver (LM DPS) is described below:

Duration, min:sec . . . . . 11:18
DPS propellant, 1b . . . . 16 120
AV, fps . . . . . . .. .. 6 562

The mission shadow time for IM descent (from undocking to touchdown)
is given below:

Lighting‘ hr?zzif;ec hr:iii?;ec
Sunlight | (a) 97:27:16.9
Lunar penumbra 97:27:16.9 97:27:27.9
Lunar umbra o7:27:27.9 98:13:26.5
Lunar penumbra 98:13:26.5 98:13:37.7
Sunlight 98:13:37.7 (v)

aUndocking occurs in sunlight.

Landing site in sunlighb*
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The target load for LM descent is given in table VII(b). The
MSFN timeline for IM descent is given in table VIII.

4.2.1 Braking phase.~ The ullage and DPS engine gimbal trim
periods are performed at the constant inertial attitude required by
PGNCS guidance at DPS ignition. The braking phase utilizes quadratic
acceleration guidance equations. The spacecraft is initially in a
windows~-down attitude until approximately 35 000 ft. Then the
spacecraft is rotated about the vehicle X-axis to a windows-up attitude
so the landing radar can be used beginning at 30 000 ft. The phase is
characterized by the following:

Tnitiation time, hr:min:sec g.e.te .+ « o « 99:09:20.2
Braking sequence:

Ullage using two RCS +X translation

thrusters, seec . + ¢« « &+ & ¢« « 4 o« 4 s 7.5
DPS minimum thrust (engine trim period),
SEC 4 ¢ 4 4 ke e e e e e e e e e e e e 26
DPS-FTP (92.5 percent rated thrust),
MINISEC v v v v o o o s o o & o 0 o 0. 6:18
Throttle recovery (near 57 percent rated
thrust), minisec .+ « ¢« o ¢ v v 4 . o0 . 1:32
Termination:
Altitude, £t .« ¢ ¢ ¢ ¢ ¢ v v 4 e e e e s T 262
Range, f£ « o v v o o o o o o 4 4 4w e e . 30 546
Horizontal velocity, fps .+ « « « « « « « . 516
Altitude rate, fPS + « « 4 + 4 ¢ 4 0 e s -87.7
Time—~to=g0, S€C « & + v & o o o o o o o + 159
Total duration, min:sec . . + + + « + « « & = 8:24
Total DPS propellant, 1b . . . . + + « + 5 & 13 957
Total AV, £PS » + o v o o v v v e e e e e 5 397

b.2.2 Approach phase.- The approach phase is targeted to conditions
for vertical descent (77-ft altitude and 3.1-fps descent rate). The
look angle to the landing site is greater than T° above the lower window

edge for the entire phase (2™345) and greater than 10° for the last
1 minute 28 seconds. The thrust level varies between 4344 and 3500 1b.
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4.2.3 Landing phase.- The landing phase begins at a point designatea
as low gate where the crew can take over manual control (approximately
500-ft altitude). However, the trajectory described herein is based on
automatic guidance control. This phase uses the same guidance and targets
as the approach phase until the beginning of vertical descent (except
for the last 10 seconds during which linear acceleration guidance is
used). The look angle to the landing site is greater than 10° above
the lower window edge for the first 24 seconds of the landing phase.

The vertical descent portion of the landing phase starts at an altitude
of 77T ft and is terminated at touchdown on the lunar surface. The
guidance is a rate of descent command mode. Nominally, & 3-fps rate of
descent is used throughout the vertical descent. The landing phase

is described below:

Phase duration, min:sec « « « « » + + & 1:04
Low gate to beginning of vertical
descent, SEC + + 4« 4 4 4 e e e s Ll

Vertical descent, sec . « « « + .+ « & 20

Lunar touchdown, hr:min:sec,
S =Y 99:20:38

Sun elevation angle at landing,
Y S T.h

Lunar landing site location:

Tatitude, deg N . . . « « « ¢ o ¢ = & 2.75
Longitude, deg E . . + « v « « « .+ . 34.0
Lunar stay time, hr:min:sec . . . . . . 21:40:07

4,3 CSM Plane Chang

At approximately hlh56m after LOI, the CSM performs a plane change
to place the LM in the CSM orbit plane at the time of LM lift-off.

Burn initiation, hr:min:sec
g.e.t. . . .,. i e . .’. e e e s 118:29:1k.L484

Duration, S€C  « « 4 o 4 4 4 s e o4 b s 8.k0

Plane change, deg « « « « « o s o o o o 1.61
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AV, DS v v v v v i e et e e e e e e 150.00

SPS propellant, 1b . . . . . . . . . . 535

The maneuver is performed approximately 1.25 revolutions prior to IM

lift-off to provide one complete front-side pass for tracking prior to-
LM ascent. ~

4.4 IM Ascent and Rendezvous

, The rendezvous profile presented below reflects TCR C-1., It does

not reflect TCR G~T, which was approved after the profile below was
generated. The appendix presents a profile reflecting TCR G-7 (i.e.,

a b~ by 45-n. mi. altitude insertion orbit, a positive radial rate at
insertion, and slight modification to the time interval between maneuvers),

4.h.1 Main ascent.- The LM ascent beging after a lunar stay
time of approximately 22 hours (reduced from 26 hours). The vertical
rise is maintained until a radial rate greater than 50 fps is achieved.
Yaw steering is used during ascent, if required, to maneuver the LM
into an orbit coplanar with the CSM orbit (5_0.5°). The target load
for ascent is given in table VII(c). Figure 4 shows trajectory parameters
from lunar lift-off to orbit insertion. Included are time histories
of IM altitude, LM-CSM relative parameters, LM S-band antennae angles,
IM rendezvous radar angles, a range - range-rate profile, and a relative
motion plot. Main ascent is characterized by the following:

IM ascent initiation, hr:min:sec, g.e.t. . . . 121:00:4k4.795
Vertical rise, sec . . . « .« . « « o &+ . . .. ‘10

IM insertion orbit (relative to mean
lunar radius):

Pericynthion altitude, ft+ . . . . . . . . . . 55 152
Apocynthion altitude, ft . . « « « « & + « & 177 747

IM insertion orbit (relative to landing
site radius):: '

Pericynthion altitude, f£ + . « « « & + « & & 60 123
Apocynthion altitude, ft . . . + « « . . & . 182 717

Ascent thrust duration, min:sec . . . . . . . . 6:53
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CSM lead angle at burnout, deg .« . . . . . . . 20.85
APS propellant, 1D v v v v v 4 4 v 4 4 4w . . L 929

A T 6 011.5

h.h.2 Coelliptic sequence initiation maneuver.- At LM insertion
into the standard 29.2- by 9.l-n. mi. altitude orbit, the CSM (central)
lead angle is approximately 21°, and the relative range is approximately
355 n. mi. The nominal CSM orbit is about a 58-n. mi. altitude, circular
one. Fifty-five minutes after insertion, just prior to IM apocynthion,
the CSI maneuver is performed. This horizontal posigrade maneuver of
approximately 49 fps requires about 44 seconds of RCS (+2) thrusting.

If an out-of-plane situation should exist (nominally, it would not) and
be determined prior to CSI (by sextant tracking), an out-of-plane
component designed to force a common node 90° later would be incorporated

in the CSI maneuver. Then at this common node, a separate PC maneiros
would be performed with the RCS Y-thrusters. The post-CSI LM orbit

is roughly bLli- by 29-n. mi. altitude. Table VII(d) gives the target
load for CSI.

4.4.3 Constant AH maneuver.- CDH is performed about 58 minutes
after CSI or 29 minutes after PC. CDH is now designed to occur half
the IM orbital period (essentially 180°) after CSI, not at the resulting
apocynthion following CST as for the previous profiles. This near-
horizontal, posigrade, coelliptic maneuver of approximately 22 fps
involves a radial-up component of 5 fps. The RCS (+Z) burn duration
is approximately 19 seconds. An out-of-plane component might also be
incorporated in the CDH maneuver either if the plane change were not
started until PC or if it were started at CSI and (due to dispersions)
a common node had not resulted at PC. The procedure for each of the
plane-change maneuvers is to null the out-of-plane velocity. If per-
formed at a common node, such a maneuver makes the vehicles coplanar;
if not performed at a common node, such a maneuver establishes a common
node 90° later. Any out-of-plane situation resulting at insertion
would therefore normally be eliminated either at PC or at CDH. The
target load for CDH is given in table VII(e).

L. h.} Terminal phase initiation.- After CDH the LM coasts.in the
coelliptic orbit (roughly 43-n. mi. altitude, circular) with a coelliptic
Ah of approximately 15 n. mi. for about 34 minutes to TPI, which is
at the midpoint of darkness. The line-of-sight TPI maneuver of
approximately 25 fps, and a 23-second RCS (+Z) burn is initiated when
the IM-to-CSM elevation angle is. 26.6°. TPI is targeted to establish
an intercept of the vehicles after 130° of CSM travel. The target
loads are given in table VII(f). The At between TPI and the theoretical
intercept velocity match (TPF) is approximately 43 minutes. Terminal
phase (nominally-zero) midcourse correction maneuvers are scheduled
at 15 and 30 minutes after TPI, each targeted for the original TPI-
targeted intercept.




1k

4.4k,5 Terminal phase finalization.- The AV for the theoretical
TPF 1is approximately 32 fps. It should be assumed, however, that as much
as twice the theoretical TPF value is operationally required for the-
mideourse maneuvers and braking, including line-of-sight control during
braking. The nominal braking gate maneuvers (table III) begin about
3 minutes prior to the theoretical TPF at a relative range of 1 n. mi.,
and braking is completed approximately 5 minutes after the theoretical
TPF. In addition, the PGNCS external AV targets and gimbal angles at

maneuver initiation are presented for each of the rendezvous maneuvers
in table IX.

Latitude versus longitude curves for the CSM and LM during the
rendezvous phase are presented in figures 5(a) and 5(c), respectively.
A time history of IM altitude from insertion through docking is presented
in figure 5(b). Time histories of LM velocity and flight-path angles
are presented in figures 5(d) and 5(e), respectively. Time histories
of pertinent rendezvous parameters such as LM-CSM elevation angle,
CSM~ILM-sun angle, CSM-LM-earth angle, CSM phase angle, and LM-CSM range
and range rate are presented in figures S5(f) through 5(k). Relative

motion curves for the rendezvous sequence are shown in figures 5(1)
and 5(m).

4.5 Transearth Injection

. ‘ 0
Transearth injection is initisted lhh09 gfter TPI; the total

time in lunar orbit is 6lh09m. The TEI burn was designed for a .
93-hour transearth flight time. It is characterized by the following:

Initiation, hr:min:sec, g.e.t. « . . . . 137:43:30.2
Latitude, deg S « « & o o & o + + « & h3.9
Longitude, deg W . + & « & o =+ + « & 146.2

Burn duration, SE€C .+ « » o « s o s e o o 133.4

SPS propellant used, 1b . « « « « « « o -« 8480.4

Plane change, €8 « « « o s = + s s & & = 0.9

Burnout:

Flight-path angle, deg . « « » « « + 63.8
Altitude, n. mi. « o ¢ 4 4 4 e e e e O.8
Latitude, deg S « « ¢ ¢ « o s o s o s o §.6
Longitude, deg W « « « « « ¢ o o o & » 154,

AV, fpS e » 8 e » & 8 s & s s s & o Te e ® 2700.0
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4.6 Transearth Coast

In the transearth phase continuous MSFN coverage is available
from the time the spacecraft appears from behind the moon until about
2 minutes prior to entry interface (table X). Guam is the last station
to track prior to entry. The spacecraft remains in sunlight during
the transearth coast phase until entering the earth umbra approximately
26 minutes prior to entry interface:

Return equatorial inclination, deg . . . « . 23.9
Time from TEI to entry, hr:min . . . . . .+ & 92:57
Entry interface, hr:min:sec g.e.t. o« s e e 230:40:33.0

4.7 Reentry

The reentry phase of the reference trajectory was simulated with
the Apollo Reentry Simulation (ARS) program in six-degrees-—of-freedom.
Three-degrees-of-freedom trajectories were used to determine the CM
maneuver footprint. The reentry corridor is presented in figure 6.

At the nominal EI, 230h1+0m33S after 1lift-off, the CM is at an
altitude of 400 48T ft and the coordinates are 172.48° E longitude and

14,069° N geodetic latitude. Inertial velocity, flight-path angle,

and azimuth at this point are 36 052 fps, 6.48° below the local horizontal,
and T0.68°, respectively.

Figure 7 shows a plot of the CM maneuver footprint and the nominal
ground trace on a map of the reentry area. The footprint is extended
out to a 3500-n. mi. reentry range. The nominal touchdown target
location is 1350-n. mi. down range from the reentry interface position,
and the coordinates of the target are 165° W longitude and 20.55° N
gecdetic latitude. Table X gives a sequence of pertinent events,
including the periods of communication blackout which occur along the
trajectory. Figure 8, which shows altitude as a function of range to
the target, denotes the guidance phases. Time histories of the bank
angle commanded by the guidance system, load factor, and altitude are
presented in figure 9. The load factor at the c.g. reaches a first
maximum of 6.19g and a second maximum of 5.6Tg. Figure 10 shows the
time histories of the total heating rate and the total heat load. The
maximum total heating rate is 276.0 B.t.u./ft%/sec and the total heat
load is 26 331 B.t.u./ft2. Time histories of velocity and flight-path

angle, both inertial and relative, are presented in figures 11(a) and
11(p).
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The CM RCS uses 11.55 1b of propellant for the separation and
attitude hold maneuvers prior to 400 000 ft. The RCS then uses 17.26 1b
of propellant to perform the guidance commands during the remainder
of the reentry. Figure 12 shows a time history of the total RCS fuel
consumption. In figure 13, the altitude is presented as a function
of relative velocity, and the boundaries for S-band and C-band communi-
cation blackout are shown (ref. 16). Figure 1k shows the time histories
of the primary DSKY displays, commanded bank angle, altitude rate, and
inertial velocity.

The drogue parachute deployment sequence starts at an altitude

of 23 300 f%t, 8m32S after BI, Two seconds later, the two drogue
parachutes are deployed. At an altitude of 10 500 ft, the low altitude
baroswitch closes, and the drogue parachutes are disconnected. One
second after the baroswitch closes, the three main parachutes are
deployed. The CM, suspended on the main parachutes, reaches splashdown

14™6° after EI. The relative velocity and relative flight-path angle
versus time are plotted in figure 15 from drogue chute deployment.
Figure 16 shows load factor and altitude versus time from drogue chute
deployment. - ‘

An EMS scroll (non-exit pattern) is presented in figure 17(a) with
the reference trajectory from 0.05g superimposed upon it. This pattern
has limit lines which allow the crew to monitor the reentry trajectory
to prevent the spacecraft from exiting the atmosphere (g < 0.2). The
commanded bank angle and EMS range-to-go versus the inertial velocity
are plotted in figure 17(b).
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‘TABLE I.- SPACECRAFT WEIGHT SUMMARY®

Weight, 1b
Component Totals
Command Module: Inert-(including
* crew and RCS propellant . . . 12 920
Service Module:
: R b : .
SM inert- . . . . .« . . . . .| 10 800
SPS usable propellant . . . . | 38 815
-SPS-unusable propellant . . . 885
TOEAL + ¢ v v e e e e e e e 50 500
Lunar Module:
Descent stage’inertc T 4 590
Descent stage propellant 17 513
(usable) « « o o v e e e e
Ascent stage inertd e e e L 861
Ascent stage propellant
(usable) + « o v o v v o 5 ohh
RCS (usable) o« « ¢ o o o o o 588
Total v v v e e e e e e ol 32596

8Referer_lce 17.
'b 3
Includes 202 1b of wunusable SPS propellant, 1300 1b of usable
RCS propellant, and 60 1b of ynusable RCS propellant.
c N
Includes 286 1b of unusable DPS propellant.

a ‘
Includes 68 1b of unusable APS propellant and 45 1b of undeliverable
RCS propellant.
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TABLE I.- SPACECRAFT WEIGHT SUMMARY® - Concluded

Weight, 1b
Component ; Totals
Adapter:
Spacecraft—LM adapter . . . . 3 776
Spacecraft~ILM adapter ring . . 91
Total « v v v v o 4 e e e e 3 867
Total for spacecraft at TLI . . . . | 100 000
Weight transferred to IM . . . . . L7k
IM separated weight®. . . . . . . .| 33 033
Weight transferred back to CSM . . 59€
Spacecraft inert weight prior to
CM=SM separation « + « « + « & o & 23 925

aReference lf,

bIncludes-ZOQ 1b of unusable.SPS propellant, 1300 1b of usable
RCS propellant, and 60 1b of umusable RCS propellant.

®Includes 286 1b of unusable DPS propellant.

At ciudes 68 1b of unusable APS propellant and 45 1b of undeliverable
RCS propellant.

©Includes 20 1b of consumables which are used between CSM/IM separation

and DOI.
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TABLE I1I.- ENGINE PERFORMANCE SUMMARY

(a)

Service module

Propulsion Isp’ Thrust per Flow r?te;
system sec engine, 1b ber ehglne,
? 1b/sec
SPS 31Lk.6 20 000 63.57
RCS 276 100 0.362
(b) Lunar module
Propulsion IS s Thrust per Percent Flow rate
systenm seg engine, 1lb relative per engine,
throttle. lb/sec
DES” 293 - 301.1| 1200 - 6615 | 1l.L- 63 h.1 - 22.0
b
DPS 302.9 9760 93 32.2
APS 30k 3628 11.93
RCS 273 100 0.367

aThrottle region.
bFixed throttle setting.
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TABLE IIT.- LM BRAKING GATES

R RCS thrust
Range a:ge

ate rate, o

€ £ps AV, Duration,
fps sec
l1.n. mi. 15 17.2 | 15.3
1000 ft 5 9.6 8.6
300 £t 25 b6 | ua

TABLE IV.- COMMAND MODULE MASS PROPERTIES
CM weight, 1b

e s e e e e w e 12 850.

Entry . « « « « + o . . 0
Main chute deploy . . . « « « ¢ v « ¢« 5 « 12 303.0
SpPlashdoWll « « « & o & « & o o o 4 o 0 0 . 11 618.0

Centers of gravity in Apollo coordinate system, in

e e e e e e e e e e e e e e e e e e 1 0ok1.2
XA

e e e e e e e e e e e e e e e e e -0.1
Ta
R R 5.7

Moments of inertia, slug—ft2

IXX IR 6017
1YY e e e e e e e e e e e e e e e e e 5322
IZZ e e e e e e e e e e e e e e e e e e e 4790

Products of inertia, slug—ft2

L 51.3
IXZ e e e e e e e e e e e e e e e e e e e -437.8

IYZ IR k2.6
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TABLE V.- CONDITIONS AT ENTRY INTERFACE AND TARGET POINT

Elapsed time from launch, hr:min:sec . . . . . . 230:40:33
Inertial velocity, £PS « « o v o o o v o w0 0 . . 36 052
Inertial flight-path angle, deg . « + « + « « . T -6.48
vyInertial azimuth, deg . + « « o« o« o o 0 o o . 70.68
Spacecraft geodetic latitude, deg N . . . . . . 14.069
Spacecraft longitude, deg B . . . . . . . . . . 172.48
ALEItUde, FH « v v b e e e e e e e e e e e 400 L8T
Target geodetic latitude, deg N . . . . . .. 20.55

Target longitude, deg W . . v « « « v ¢« « « « . 165
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TABLE VII.- TARGET LOADS FOR NOMINAL POWERED MANEUVERS

TARGET
Tig’ hr:min:sec, g.est. . + « ¢« ¢ « &
AVX, fps . . . .
AVY, fps . . e o e e e
AVZ, fps .
Weight at Tig’ 1 . .
REFSMMAT
0.11152182 -0.78650k429
~0.15859187 0.58932567
0.98102573 0.18467879
GIMBAL ANGLES AT T
IGA, deg . . . . e . ~ .
MGA, deg . . . .« e .

OGA, deg . .

(a) Lunar orbit insertion

Propulsion system:

SPS

Guidance: External AV

T6:27:46.054
-2962.872k
-277.2619
5.3296

ok 833.024

-0,607k3221
-0.79217666

-0.059001051

0.0
0.0

180
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TABLE VII.- TARGET LOADS FOR NOMINAL POWERED MANEUVERS - Continued

(v)

T, , hr:min:sec, g.e.t.

ig

AV fps ..

AV,, fps .

Weight at T, , 1b

-0.18722486
-0.11476193

- 0.97559038

IGA, deg .
MGA, deg .

OGA, deg .

Guidance:

Lunar parking orbit circularization

Propulsion system:

TARGET

REFSMMAT

-0.87290052
0.h7ho5213

-0.1116L753

GIMBAL ANGLES AT Tig

External AV

80:54:23.560
-138.9599
0.0

0.937h

70 656.911

-0.45054583
-0.87249653
-0.18909859

0.0

180
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TABLE VIT.- TARGET LOADS FOR NOMINAL POWERED MANEUVERS - Continued

(c) Descent orbit insertion maneuver

Propulsion system: DPS (SE = -1), mass = 1026.2 slugs

Guidance: external AV

TARGET
T, , hrimin:sec gievbe v v « v v o 4 e v 0 e . . 98:11:
ig , v
AVX, fps
AVY, fps . .
AVZ, fps ) .
Weight at T, , 1b « . = . &« .
ig
- REFSMMAT
- N
. 45647065 .80678168 .375150L49
.11656396 -. 47223334 .87373253
. 88206996 -.35510422 ~.30960233
GIMBAL ANGLES AT T.
ig
IGA, deg .
. MGA, deg . . .
OGA, deg

5T7.328
-T70.06
0
-.39

33 013

_72 033

-180



26

LT°46:60:66 *3+o'3 ommwnﬂa"na € (dar)

00°08T °
m.Hnl .
€6°€0T

(da3) 7

g1
€ H
Iq
. . . . . wwc n<.co
e« o » o o MO.@ 04.02
e o % s ® mmﬁ a<mvH

¥ 1% seT8ue TeAWID,

998 0'0T = ¥ddV Pusj

9E96H0° = (£)DdIr
momm\ak b ATy

69°- = (£)dd1IvV

0°0 = (2)DdIV

60° = (T)bdIv

Nuwm\uy ‘UOTYBISTOIOY

998 0°09T = JAV¥d PU9j

9EEHRED" = (E)DdOr
mummxph ¢yIa

69~ = (£)ddovV

0'0 = (2)D40V

0c* = (I)DdOV

Nowm\pu ¢ OTQBISTOOOY

€T = (£)D4IA €T = (€)Dd0A (sdz/33) OTH =4y
0'0 = (2)ddIA 0'0 = (g)HdoA
T°¢- = (1)DdIA T*L- = (T)940A |(z3¥/WF) 90T x GGL* = % | 002 = yueosep TeoTRaEN
sdz ©43100TSA 'sdz “£4T00TaA| (33/33) OTEQLTO" = Xx 04T = yoeoxddy
€€L T~ = (€)Dd1¥ €ELT- = (£)DHdoY (sdr) 22°6l8G¢ = DOIA 0° 0Ly = Burysag
00 = (2)pdI¥ 0'0 = (2)bdoyu .
€E€T°LL = (T)0dI¥ €ET°LL = (T)Ddo™ (%) L°6STIETHT- = DZHIY 0°92 = (71) wWrag
1J ‘uoT3trsod 1J ‘uoT31s0g (3F) $°99%90£T- = DXHIY gL = Auev °FBTTN
BurpusT pus Yowoxddy nwnwxmhm wnowﬁﬂ:MH o098 ‘uotrgBanp asBYJg

PONUTIUO) ~

Jue0S9p paasmod  (P)

SUTANANYVA CIMAMOL TVNINON ¥od SAVOT IZO¥YL -*IIA m@m<&




27

TABLE VII.- TARGET LOADS FOR NOMINAL POWERED MANEUVERS - Continued
(e) Lunar orbit plane change
Propulsion system: §SPS

Guidance: External AV

TARGET
Tig’ hr:min:sec, g.€.5. + « « & « o« « o & « « « o o+ .118:29:1k4 48L
AVX? TPS & v 0 v ot et e e e e e e e e e e e e e 0.0
AVY, FPS v o 6 o o 4 e e e e e e e s e e s e e e e -150.0kko
éVZ, FTPS o v o v v o s h e h e e s e e e e e e e e 0.0
Weight, 1D v ¢« v « o o o o o o o o s o o & o s s &+ & 36 339.469
REFSMMAT
-0.11736098 0.47161820 -0.87395807
0.27491570 0.86107611 0.k277ho11
0.95427868 -0.1900637Tk -0.23071198
GIMBAL ANGLES AT T,
ig
TGA, deZ « & v o 4 o o o o o o s o s s = 4 o o 4 o 0.0
MGA, deg . . R . . . 0.0

OGA, AEZ « + « o o = o o o o o o o o o« o o o o & o » 180



28

TABLE VII.- TARGET LOADS FOR NOMINAI, POWERED MANEUVERS - Continued

TARGET
‘I‘ig (1ift-off), hr:min:sec g.e.t. .« « « « ¢« « « « .
R, (desired injection radius), ft . « . . « « . « . .

(f) Powered ascent

Propulsion system: APS

Guidance: ascent guidance

Ty (desired injection cross-range distance), ft .

Ry (desired injection radial velocity), fps . .

YD (desired injection cross-range velocity), fps

D
Weight at T, , 1b
1g

0.27033752

0.12529564

0.95457773
-

IGA, deg « + ¢« « .« &
MGA, deg . « « « .« .

"OGA, deg . « & + . .

Z_ (down~range velocity for desired injection), fps

REFSMMAT
-
0.87434928 0.4030272h4
-0. 4700508 0.88571297

-0.18894390 -0.23039440

GIMBAL ANGLES AT Tig

121:00:4k.795
5 757 Lkak.6

| 0.0

0.0

0.0

5 512.585

10 736.3

0.0
0.0

0.0
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TABLE VII.- TARGET LOADS FOR NOMINAL POWERED MANEUVERS - Continued
(g) csI
Propulsion system: RCS

Guidance: external AV

TARGET
Tip> Briminisec gee.t. ... L. 122:02:15.9
AVes DS o v o L8.6
BVGs £PS o o v 0
AVps £PS o oo 0
Weight at T, , Ib + =+ « « « « « = « = « « = o o o o . 5807.0
ig
REFSMMAT
(27033752 .87434928 4030272}
.1252956L -. k700507 .88571296
.95L57T7T2 -.18894389 -.230391;3?J
GIMBAL ANGLES AT T,
TGA, AEE v v v 4 v v e e e e e e e e e e e e e e e e 17h.2
MGA, deg « « « & « 4« v w4 e e e . 0.0
OGA, Q€8 '« + v v v & v & v e e e e e e e e e e e e 0.0
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TABLE VII.~ TARGET LOADS FOR NOMINAL POWERED MANEUVERS - Continued

(n) CDH
Propulsion system: RCS

Guidance: external AV

TARGET
Tig’ hr:min:sec g.€.te v ¢ ¢ v 4 ¢« 4 0 4 e 4 e e . . 122:59:49.7
L 21.0
AVY, iy < 0.0
AVZ, FPS v v v b e e e e e h e e e e e e e e e e e -4.9
Weight at L I 5775.0
REFSMMAT
T27o33752 87434928 .h030272hf
.12529564 -. k4700507 .88571296
;95h57772 -.18894389 -.23039439
GIMBAL ANGLES AT Tig
IGA, GEE  « +v v &+ @t o o o 4 e e e e e e e e e e e -6.5
MGA, AEE + + + & & o o o o & 4 e e e e e e e e e 0.0

OGA, Q88 ¢ & & o o o o o s o o s o o o o o o s o » 0.0
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TABLE VII.- TARGET LOADS FOR NOMINAL POWERED MANEUVERS - Continued
(1) TPI
Propulsion system: RCS

Guidance: Lambert

TARGET
Tig’ hr:min:sec g.e.t. . 123:34:12.6
TF, N & v v 4 6 4 o o o o o o o o o o o o« o o s @ 0.715
RT, n. mi.
X e e e e s s e s s e e s e s s e s e e e oaa -=975.500
Y e e e e e e e e e e e e e e e e e e e e -20k.Th49
Z e e e e s e e s e e e e e e e e e e s e 34.788
LM/CSM elevation angle, deg « + « « « =« « « « o . 26.6
Weight at Tig’ 10 o e e e e e e e e e e e e e e 576Q.7
REFSMMAT
r.27033752 87434928 .Lo30272k4
.12529564 -.44k700507 88571296
.95457772 -.18894389 -.23039439
GIMBAL ANGLES AT Tig
TGA, AEE « v + « o o o « o« o o o o 4 o b e e e -86.4
MGA, d€Z « « & o o o & 4 o o o o 6 o o o o o o o 0.3

OGA, dEE « + & & v+ &« « & & & & o 4 4 e e e e 0.6
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TABLE VII.~ TARGET LOADS FOR NOMINAL POWERED MANEUVERS - Continued

T, , hr:min:sec,
ig

AV fps .
AV fps .
fps .

Weight at T, , 1b

0.27033752
0.1252956L
0.95Lk577T2

IGA, deg .
MGA, deg .

OGA, deg .

(3) Transearth injection
Propulsion system: SPS

Guidance: IExternal AV
TARGET

g.e.t.

REFSMMAT

0.87h3L928
~0. 44700507
-0.18894389

GIMBAL ANGLES AT Tig

137:43:30.199
' 2696.5110
~12k.6240
-56.2425

36 220.664

- 0.4030272%
0.88571296

96.4
-2.6
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TABLE VII.- TARGET LOADS FOR NOMINAL POWERED MANEUVERS —~Concluded

——O.h138778

0.85185502

L 0.32101119

IGA, deg .
MGA, deg .

0GA, deg .

(k) Entry

REFSMMAT
0.093811666
0.39066450

-0.9157k0kL8

GIMBAL ANGLES AT EI

-
~0.9054858

-0.34889007

-0.24160130

s

156.
0.0

0.0
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TABLE X.- TRANSEARTH COAST RADAR TIMELINE

(a) Definitions of radar table headings

MLA CB Merritt Island C-band
PAT CB Patfick C-band

KEN CB Cape Kennedy C-band

GBI CB Grand Bahams Island C-band
GTI CB Grand Turk Island C-band
BDA CB Bermuda C-band

ANT CB Antigua C-band

CYI CB Grand Canary C-band

ASC CB Ascension Island C-band
PRE CB Pretoria C-band

CAR CB Carnarvon C-band

HAW CB Hawaii C-band

CAL CB Pt. Arguello C-band

WHS CB White Sands C-band

EGL CB Eglin C-band

TAN ™™ Tananarive telemetry
KNO TM Kano telemetry

MLA SB MerrittyIslan@ S-~band
GBI SB Grand Bahama Island S~band
BDA SB Bermuda S-band

ANT SB Antigua S-band

CYI SB Grand Canary S-band
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- TABLE X.- TRANSEARTH COAST RADAR TIMELINE - Continued

ASC
CAR
GUM
HAW
GYM

TEX

CNB

GLD

(a)

SB
SB
SB
5B
SB
SB
DS
DS

DS

SHIP 1

SHIP 2

SHIP 3

Definitions of radar table headings - Concluded

Ascension S-band
Carnarvon S-band
Guanm S-band
Hawaii S-band
Guaymas S-band
Corpus S-band
Madrid deep space

~
Canberra deep space
Goldstone deep space
Insertion ship |

Injection ship (1)

Injection ship (2)
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(a) LM altitude above the landing site versus time from ignition.

Figure 3.- Lunar module descent - approach and landing.
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LM landing site surface range, ft
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Figure 3, ~ Continued.
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LM thrust magnitude, Ib
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RENDEZVOUS PROFILE REFLECTING TCR G-T
SARY

Presented is information concerning the revised rendezvous (starting at
LM insertion) for Apollo 11 (Mission G). This appendix updates MSC
memorandum 68-FM64-325 dated October 28, 1968, and titled "Currently
proposed rendezvous profile for Mission G (LLM)".

L1

PROFILE CHANGES

The three significant‘changes‘that have been made since the last publication
of the rendezvous profile are:

1. The insertion orbit apocynthion has been increased from %0
to approximately 45 n. mi. altitude (15 n. mi. below the CSM orbit).

2 ;A‘radial veiocity component of about 32 fps upward has been
added to the LM insertion velocity vector causing a positive flight-
path angle at insertion.

5. CBSI is now scheduled exactly at the nominal apocynthion tlme
after insertion..

The 1ncrease in the apocynthlon altitude of the insertion orbit results
in a decrease in the LM~to-CSM rélative ranges after insertion such that
the range at the beginning of the VHF tracking period is. approx1mately
200 n. mi. and, therefore, does not exceed the VHF maximum range
specification llmlt. The radial component at insertion decreases the

At between insertion and apocynthion--where CST 1s performed--by about

4 minutes., Since CDH is essentially fixed at 180° after CSI, this
h-minute decrease between insertion and CSI results in approx1mately a
L-minute increase in the CDH-to-TPT At, as TPI remains fixed at the
midpoint of darkness. The decrease in range after insertion and the
incéreage -in the CDH-to~TPI At were both specifically requested by the
‘crew. The increase in the ‘apocynthion of the nominal insertion orbit

is the only acceptable method for decreasing the range at insertion.
‘The range would be decreased if TPI could be scheduled earlier, but this
method is obviously not acceptable because the CDH-to-~TPI timeline is
already rushed. The other method would be to lower the CSM orbit, but
this method is undesirable due to descent abort and various dispersion
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conglderations, Llkewise, the radial component at insertion is the only
acceptable method for increasing the CDH-to-TPT At. TPI cannot be
delayed nominally because of lighting constraints; and if CSI should

be nominally scheduled prior to apocynthion, a sizeable radial component
would result at CDH (an RCS burn).

Since CSI now occurs at apoeynthion and at the nominal coelliptic Ah
(15 n, mi,), for the perfectly nominal case (i.e., a perfectly circular
CEM orbit and no dlspersions otherwise), CDH is a zero maneuver.
However, 1f either the CSM orbit is not perfectly circular (as in the
data presented in this appendix) or other dispersions exist, a
maneuver at CDH will be involved. '

DISCUSSION OF THE PROFILE

The profile presented here covers the nominal rendezvous sequence
starting at IM insertion. At ingertion into a 45.7/9.0 n. mi. orbit

the CSM lead angle is about 15.50. Due to a 32 fps radial component
upward, insertion burnout occurs at a true anomaly of about 18°, and

the flight time to CSI (which is performed at apocynthion) is about

51 minutes, Por the perfectly nominal case, the CST maneuver would
actually place the IM on a concentric orbit with the C8M at the desired
Oh, thereby making CDH a zero maneuver; however, sinece the CSM orbit

is not perfectly circular for the simulated trajectory utilized, a

small radial CDH maneuver is necessary to achieve precise coellipticity.
The plane change will gormally be initiated in conjunction with CSI

and completed at PC 90" after CSI (29 minutes prior to CDH) as in the
previous profiles, The CDH-to-TPI At is now about 37 minutes. Terminal
phase rgmains the same with TPI occurring on a IM-to-CSM elevation angle
of 26.6° at the midpoint of darkness. CSM travel angle during terminal
phase 1s 130, All of the nominal rendezvous maneuvers, except possibly
CDH, are performed with RCS Z-axls thrusting to avoid breseking rendezvous
radar lock. For this same resson, if CDH is mainly a radial burn, it
will probably be applied with X-axis thrusting. PC, which is nominally
zera, would be applied with Y-axis thrusting.

DIBCUSSION OF DATA

Pertinent data for each maneuver are presented in Table I. Column 2
presents the At of each maneuver from insertion and column 3 presents the
Ot of each maneuver from the previous maneuver. The AV of each maneuver
is presented in column 4, The 2,2 fps AV for CDH is & radial up component
due to the C8M orbit not being perfectly circular, Burn durations are
presented in column 5 and are based on 2~Jet RCS usage. The burn attitude
in column 6 represents the thrust direction measured (starting upward)

from the direction of motion. The 907 attitude for CDH indlcates a purely
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radial-up burn. As indicated in column 7 gll maneuvers except PC use

7 thrusters. As previously stated, however, if CDH is mainly a radial
burn, it will probably be executed with X-axis thrusting., The resultant
orbit in column 8 shows that CSI essentially circularizes the IM orbit at
15 n, mi. below the CSM orbit. These altitudes are referenced to the
radius of the landing site (34° E, 2.75° n).

Figure 1 shows the curvilinear relative motion of the IM in the CSM«
centered coordinate system., Figures 2-6 are time histories (with

zero time at insertion) of the IM<to-CSM and IM-to-sun elevation angles
(figure 2), CSM-to~IM and CEM-to-sun elevation angles (figure 3),
relative range (figure 4), relative range rate (figure 5), and CSM
lead angle (figure 6).

CONCLUSION

The information presented here should adequately define the current
IM«in-orbit rendezvous profile for Apollo 11 (Mission G). It is
presently planned to incorporate this profile into the Operational
Trajectory.
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